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Effects of Seasonal Variation in Prey Abundance on Field

Metabolism, Water Flux, and Activity of a Tropical Ambush Foraging Snake Introduction
Many animals show marked population fluctuations in response to changes in food availability (White 1993 (White , 2004 that are driven by large-scale climatic variation events (e.g., El Niño southern oscillation and North Atlantic oscillation; Jaksic et al. 1997; Stenseth et al. 2002) . Because food availability can affect an individual's reproduction and survival, which in turn can affect the population dynamics of species within food webs, understanding how animals respond to prolonged periods of low food availability is important for both physiology and ecology (Berryman et al. 2002; White 2004) . For example, species that hibernate during winter food shortages or that migrate to other habitats will completely decouple from the local food web, which can have important consequences for competing species that remain active all year (e.g., Namba 1984; Holt and Lawton 1994) .
Although the adaptations of cold climate mammals to seasonal food shortages are well documented (Lyman et al. 1982; Vander Wall 1990; McNab 2001) , much less is known about how animals from tropical climates adjust their energy expenditure when faced with seasonal changes of climate and food availability. Many tropical regions have distinct wet and dry seasons, with most of the annual precipitation falling in a discrete wet season that is followed by a long dry season. Consequently, plant growth and arthropod abundance is often much higher during the wet season than during the dry season (Janzen 1973; Wolda 1978; Poulin et al. 1992; Griffiths and Christian 1996) . In response to this seasonal food shortage, some small tropical mammals hibernate for prolonged periods during the dry season (Dausmann et al. 2005) or enter brief periods of daily torpor to conserve energy (Bartels et al. 1998; Turbill et al. 2003) . In northern Australia, some aquatic reptiles (turtles, crocodiles) conserve energy by estivating during the dry season (Kennett and Christian 1994; Christian et al. 1996b) . Some lizard species conserve energy by lowering their resting metabolic rates (metabolic depression), thermoregulating at lower body temperatures (T b ), or reducing activity; however, they are not completely inactive, so they are not estivating in the usual sense (see Christian et al. 2003 for a review; de Souza et al. 2004 ). Although there is some information about how small mammals and lizards cope with seasonal fluctuations in food availability, the adaptations of snakes to these seasonal conditions are less well known. Compared with lizards, there are few published studies on the energetics of free-ranging snakes (Lillywhite 1987) , and most recent studies have focused on species from temperate or arid environments (Secor and Nagy 1994; Beaupre 1995 Beaupre , 1996 Plummer and Congdon 1996; Peterson et al. 1998) . In Australia, snakes are important components of tropical ecosystems, and several species attain high population densities in floodplain and riparian habitats (Madsen and Shine 1996; Brown et al. 2002 ). Here we investigate how an ambush foraging snake, the northern death adder Acanthophis praelongus, responds to seasonal fluctuations in prey abundance in the wet-dry tropics of northern Australia. We studied a population of A. praelongus on the Adelaide River floodplain, where prey availability shows strong seasonal fluctuations (Brown et al. 2002; Webb et al. 2005) . Like other death adders, A. praelongus is a sit-and-wait forager that uses its caudal lure to attract lizards, frogs, and small mammals (Cogger 2000) . In the study population, adult females attain larger body sizes than males (Webb et al. 2002) , and they feed mostly on small mammals (91% of numerical diet), including large dusky rats (Rattus colletti), whereas adult males feed on frogs (48%) and small mammals (36%) but rarely eat the larger R. colletti (Webb et al. 2005) . At our study site, most of the rain falls in the 4-mo wet season (December-March; see Fig. 1 ), and consequently, frog activity and abundance is significantly higher during the wet season than the dry season (Brown et al. 2002; Webb et al. 2005 ). During our 2-yr study, the abundance of small mammals varied temporally and was higher during the 1999 wet season (0.21 mammals/trap night) than the dry seasons of 1998 (0.05 mammals/trap night) and 1999 (0.11 mammals/trap night; Webb et al. 2005) . Because male death adders feed mostly on frogs and rarely consume large dusky rats, the responses of death adders to seasonal changes in prey abundance may differ between the sexes.
To investigate whether northern death adders show seasonal responses to food availability, we measured field metabolic rate (FMR), water flux, and T b of free-ranging snakes in the field and their resting metabolism in the laboratory during wet and dry seasons. We integrated field and laboratory data to explore the seasonal energy expenditure of these snakes.
Material and Methods
Field Sites
We studied northern death adders on the Adelaide River floodplain, approximately 70 km east of Darwin, Northern Territory. Our study site was located on the floodplain east of Beatrice Hill (a full description can be found in Webb et al. 2002 Webb et al. , 2005 . The climate features distinct wet (December-March) and dry (May-September) seasons separated by short transitional periods. At Middle Point (!5 km from our study site), the wet season is characterized by warm air temperatures (mean maximum of 32.6ЊC and mean minimum of 23.8ЊC in January), high humidity, and frequent rainfall (Fig. 1) . Dry season days are warm, with cooler nights (mean maximum of 31.3ЊC and mean minimum of 14.9ЊC in July), low humidity, and little or no rain (Fig. 1; Taylor and Tulloch 1985) . Pitfall and smallmammal trapping on the Adelaide River floodplain during the 2-yr study showed that the abundance of small mammals and frogs was significantly higher in the wet season than in the dry season (Webb et al. 2005) . Similarly, counts of frogs on the dam wall at nearby Fogg Dam revealed a very similar pattern, with over three times as many active frogs recorded during the wet season as during the dry season (Brown et al. 2002) .
Sample Sizes in the Field
For the fieldwork, a total of 30 individual snakes were radio tracked and sampled for FMR during the study: 14 adult males (41-49 cm snout to vent length [SVL] , 94-134 g) and 16 adult females (44-71 cm SVL, 115-390 g). Of these, 16 death adders were radio tracked during 1998 and 14 were radio tracked during 1999. In 1998, T b 's were recorded from five of each sex in the wet season and three of each sex in the dry season. Different individuals were used in each season in each year, and no temperature data were collected in 1999.
Radiotelemetry
We used temperature-sensitive radiotelemetry to estimate activity patterns and T b 's of free-ranging death adders. We captured snakes by driving on a gravel road that traversed the floodplain in the hour after sunset. Snakes were placed in individual cloth bags and were transported to Charles Darwin University, Darwin (Animal Ethics approval 960422). Within 2 d of capture, one of us (J.K.W.) surgically implanted miniature temperature-sensitive radio transmitters (Holohil Systems, transmitter models BD-2T, PD-2T, SB-2T) into the abdominal cavity of the adders. Before surgery, all transmitters were waterproofed (Plastidip) and the whip antennas were enclosed in silicon tubing (Dow Corning) to prevent injury to the snakes' internal organs and to facilitate the surgical removal of transmitters at the end of the study. Final mass of the transmitters ranged between 2.1 and 5.2 g, depending on the model. Transmitters were then calibrated at 5ЊC increments between 5Њ and 40ЊC in a temperature-controlled circulating water bath (Grant) using a mercury thermometer traceable to a standard. Calibration regressions between transmitter temperature and interpulse period explained 199% of the variance in transmitter temperature.
Before surgery, we matched radio transmitters with snake body size such that all implanted transmitters weighed !3% of snake body mass. Snakes were anesthetized at room temperature with a mixture of oxygen (0.6 L/min), Fluothane (2.5%-3.0%), and nitrous oxide (1.0 L/min) administered with a Fluotech anesthetic machine. Most snakes entered surgicalplane anesthesia (loss of muscle reflex and righting ability) after 20-40 min. Transmitters and surgical instruments were cold sterilized in 90% ethanol solution for 4 h before surgery. Before implantation, we rinsed transmitters with sterile distilled water. Our surgical techniques followed those of Webb and Shine (1997) ; thus, instead of placing the wire whip antenna subcutaneously (as other researchers have done), we placed the silicon-encapsulated whip antenna inside the peritoneal cavity, running posterior to the surgical incision. The peritoneum, muscle layers, and scales were then closed with separate sutures, and the wound was covered with surgical glue. We held all snakes in captivity for several days following surgery to ensure that their wounds had healed before we released them at the site of capture.
Body Temperatures and Activity
Interpulse periods for each transmitter were automatically recorded by a data logger (Campbell CR10X) wired to a receiver and digital processor (Telonics) connected to a directional Yagi antenna mounted atop a 5-m-high pole. The digital processor and data logger were calibrated in the laboratory before taking measurements in the field. Body temperatures of multiple snakes were recorded at the same time at 15-min intervals. Subsequently, hourly means were calculated for each individual, and grand means were calculated for all the snakes sampled in a season for use in the subdivision of seasonal energy expenditure.
During the dry season, we located death adders in the early morning and afternoon. However, during the wet season, some snakes moved long distances across inundated areas, and we could only locate snakes once each day (early morning or evening). On locating a snake, we recorded its activity (moving vs. sedentary), foraging behavior (coiled in ambush foraging position vs. coiled inactive), and microhabitat (in soil crack, under vegetation, etc.). Locations of snakes were marked with flagging tape and were plotted onto an aerial photograph of the study site (using four compass bearings to fixed landmarks). For small movements, we measured the straight-line distance between successive locations with a 50-m tape measure. For larger movements, we estimated the straight-line distances between successive locations using a calibrated aerial photograph of the study site. For each snake we calculated the frequency of movement (pnumber of moves/number of tracking days) and the mean straight-line distance between successive locations (ptotal distance traveled/number of moves). Before statistical analysis, we arcsine transformed frequency data and square-root transformed distance data to ensure that they were normally distributed (Shapiro-Wilk tests, ). P 1 0.05
Field Metabolism and Water Flux
The FMR is a measure of the energy expended by an animal in its natural habitat over the period of measurement, and water flux is a measure of the amount of water an animal processes through its body each day (Nagy and Peterson 1988 (Lifson and McClintock 1966) to measure FMR and water flux of freeranging death adders during the wet and dry seasons. On capture, radio-tagged death adders were taken to the laboratory, where each animal was weighed to the nearest 0.1 g on an electronic balance, and a 0.3-mL blood sample was taken from the caudal vein for analysis of background isotope levels. Each Note. Standard deviations are in parentheses. Predicted field metabolic rate (FMR) was calculated using the equation from Nagy et al. (1999) . Total resting metabolism (TRM) was calculated using field T b 's in the laboratorydefined allometric equation relating metabolic rate to body mass and T b , summed over 24 h. The amount of energy expended in activity (AR) is estimated as . The sustained field metabolic scope (SusMS) is FMR Ϫ TRM calculated as FMR/TRM. The percentage of the total field costs allocated to activity (%AR) is calculated by . The metabolic costs as-AR/FMR # 100 sociated with digestion (SDA) were estimated assuming the snakes are inactive and feed once a week and once in 2 wk. This estimate assumes that the factorial response between resting metabolic rate and SDA in the laboratory measurements (Fig. 3) is similar for the adders in the field, which are smaller and have variable body temperatures. The sum of TRM and SDA calculated for feeding once a week during the dry season is not possible (NP) because the total is greater than the measured FMR.
animal was then injected intraperitoneally with 30-150 mL of 18 O (30 mL/100 g) and 500 mL of tritiated water. The animals were allowed to equilibrate for 16-18 h after injection at 25ЊC before another 0.3-mL blood sample was taken from the caudal vein.
Snakes were released at their points of capture on the morning after isotope injection and were recaptured after a mean period of 15 d during the wet season and 51 d during the dry season. Studies of lizards in the region indicated that the longer period was required in the dry season to have sufficient turnover for analysis (Christian and Green 1994; Christian et al. , 2003 . Snakes were sampled for only one turnover period, and after recapture, we transported snakes to the laboratory, weighed them to the nearest 0.1 g, and took a third blood sample of 0.3 mL. Blood samples were stored frozen in plastic vials until subjected to vacuum distillation in the laboratory. Subsamples of extracted water (20 mL) were analyzed for tritium by liquid scintillation counting (model LS2800, Beckman, Palo Alto, CA). Other subsamples of extracted water (20 mL) were placed in Urey exchange tubes and were equilibrated with standard CO 2 charges at 80ЊC, after which 18 O : 16 O ratios were determined by isotopic ratio mass spectrometry (V.G. Optima, Cheshire, U.K.).
Body water pool sizes were calculated from the dilution of H 2
18
O in the equilibrated blood samples compared with standard dilutions of injectate (50 mL in 100 mL). Changes in the concentrations of the isotopes during the release periods were used to calculate rates of CO 2 production and water flux (Lifson and McClintock 1966; Nagy 1980; Nagy and Costa 1980) . We assumed that any changes in body mass and water pools were linear and that mass-specific water pools were stable during the experimental period. To convert CO 2 production rates into units of energy expenditure, we used an energy equivalence of 25.7 kJ/L CO 2 , assuming an average respiratory quotient of 0.75 (Nagy 1982a) .
For comparison, we used the empirical equation for reptiles (Nagy et al. 1999) to predict the FMR of the adders, using the mean mass of the animals we sampled in each of the two seasons.
The water economy index (WEI) is the ratio of water flux to FMR with the units of mL/kJ (Nagy and Peterson 1988) . Allometric equations for reptiles from arid and tropical regions (Nagy 1982b ) were used to calculate predicted water flux rates for comparison with measured values from death adders.
Resting Metabolism
We used respiratory gas analysis to measure the resting metabolic rates of death adders at three temperatures (18Њ, 24,Њ and 30ЊC) in each season (wet season , dry season n p 11 ). In the wet season, the metabolic rates were measured n p 4 during both the day and the night at each temperature for the 11 snakes. Different individuals were measured in the two seasons, and snakes in the dry season were measured only during the day. The snakes were collected in the field and held in shaded outdoor cages for 7 d (to clear the gut) before being measured. Oxygen consumption was measured with an Ametek Applied Electrochemistry O 2 analyzer (model S-3 A/II, Pittsburgh, PA). Six hours before measurements, snakes were placed inside acrylic metabolic chambers ( ) 30 cm # 30 cm # 12 cm that were placed in a controlled-temperature incubator. During measurements, room air was drawn into the following objects before a sample of the air was drawn into the gas analyzer: the metabolic chamber containing the snake, a drying column, a carbon dioxide absorbent (Drägersorb, Lübeck), and a mass flowmeter. Flow rates and oxygen concentration were recorded on a MacLab (model 8e, AD Instruments, Castle Hill, Australia) in conjunction with a Macintosh computer. Metabolic rate was measured over 50-min intervals throughout the day and night (with a 10-min baseline measurement before and after each period), and the lowest 50-min sampling period during the day or night was taken as the resting metabolic rate for that period. Table 1 . Standard deviations are in parentheses. The rates of water flux predicted by the allometric equations for arid-and semiarid-zone reptiles and for tropical-and subtropical-zone reptiles (Nagy 1982b ) are also shown.
The movement of snakes inside the chambers was clearly evident from these nearly continuous traces, allowing us to select data from inactive periods for analysis. Analysis of the data showed that there was no difference in metabolic rate between day and night (below); therefore, we used grand mean measurements at each temperature as a measure of resting metabolic rate.
Measurement of Specific Dynamic Action (SDA)
To determine the metabolic costs of digestion, we measured the oxygen consumption of 11 female adders (mean mass p g, range 268-731 g) that were fed a meal of commercially 448 supplied mice (mean meal snake body size p 11.4% ‫ע‬ 1.6% mass). The mean mouse mass was 12.1 g ( , range SD p 2.98 5.6-23.9 g), and we fed adders multiple mice of different sizes to achieve the standardized meal size. The metabolic rate of these snakes was measured before feeding and then daily for the following 9 d at 30ЊC. Although data were collected over 9 d to ensure the entire digestive event was measured, we found that metabolic rate returned to prefeeding values on day 6 (see below). The total metabolic expenditure of the digesting snakes was estimated by summing the daily metabolic rates over the 6-d period of digestion.
Partitioning Energy Expenditure
Field CO 2 estimates were converted to energy expenditure using a thermal equivalent of 26 kJ/L CO 2 . The daily energy expenditure (FMR) was partitioned into components resulting from T b and activity for each season by combining field and laboratory data. An allometric equation relating body mass and T b to resting metabolism, as determined from the laboratory measurements, was combined with field T b 's during the day (0900-1800 hours) and night (the remaining 14 h) to estimate the total resting metabolism (TRM) under field T b conditions for both seasons (Benabib and Congdon 1992) . The oxygen consumption values were converted to units of energy using the energy equivalent of 20.08 kJ/L O 2 (Benabib and Congdon 1992 ).
An index of the amount of energy expended in activities such as locomotion, digestion, and reproductive costs (van Marken Lichtenbelt et al. 1993 ) is termed "activity respiration" (AR; Benabib and Congdon 1992) and is calculated as the difference between the FMR and TRM. The percentage of the total field metabolism allocated to activity (%AR) is calculated as (Anderson and Karasov 1981) . The ratio of AR/FMR # 100 FMR/TRM is termed the "field maintenance scope" (Congdon and Tinkle 1982) or, if the animal's body mass changes !1%/ d, the "sustained metabolic scope" (SusMS; Peterson et al. 1990 ).
The metabolic expenditure of snakes digesting a meal in the laboratory was used to explore the energy expenditure by snakes in the field with different feeding frequencies. The factorial increase in metabolism of the digesting snakes over that of resting fasted snakes was multiplied by the TRM to estimate the mean daily energy expenditure of a resting (but digesting) snake over periods of 1 and 2 wk. This technique assumes that the factorial response is similar for snakes of different sizes experiencing field T b 's. The analysis of different feeding frequencies in the field is also limited to meals of approximately 11% of body mass. Because of the limitations of available data, this analysis makes assumptions about meal size, body mass, and the effect of variable T b 's on specific dynamic action (SDA) rather than accounting for these variables statistically (Zaidan and Beaupre 2003; Beaupre 2005) . However, feeding frequencies in the field were impossible to observe directly, and this analysis, despite its limitations, yields some indication of the energetic consequences of different feeding scenarios between the seasons.
Statistical Analyses
All physiological data were analyzed by ANCOVA using logtransformed whole-animal data with log mass as a covariate. For these analyses, we first tested that slopes were homogeneous before we tested for the significance of the main factors. Repeated-measures ANOVAs were used to test for seasonal differences in T b 's as measured by telemetry and to test for differences between day and night in resting metabolism in the laboratory.
Results
Activity Patterns
Movements of the radiotelemetered snakes were monitored for a mean duration of 41.6 d in the dry season and 42.0 d in the wet season. All radio-tagged snakes moved during the early Table 1 . Graph shows mean values ‫1ע(‬ SD) from 11 death adders. evening or at night, and during the day, both sexes were observed in ambush postures. In the dry season, snakes in exposed floodplain areas devoid of thick vegetation adopted ambush postures beside soil cracks in the morning, retreated down cracks during the day, and returned to ambush postures in the afternoon. In the wet season, snakes were harder to detect due to dense vegetation, but most snakes were observed in ambush postures under vegetation and on bare ground beside ponds during the morning and late afternoon. 
Field Body Temperatures
Because some snakes moved out of range of the receiver, complete records were not available for all snakes. The T b 's of 10 snakes were measured for a total of 46 snake days in the wet season, and 6 snakes were measured for a total of 22 snake days in the dry season. Repeated-measures ANOVA revealed that T b 's were significantly lower in the dry season than in the wet season ( , ). Snakes of both sexes F p 18.42 P p 0.001 1, 13 rarely basked in the field, and most snakes remained motionless either in ambush postures or hidden under vegetation during the day. Snakes only moved from their ambush positions (by retreating down soil cracks or moving under vegetation) to avoid lethally high midday temperatures. The maximum voluntary T b measured in the field for the adders was 37.5ЊC, and the critical thermal maximum for other Australian elapid snakes ranges from 38.0Њ to 42.8ЊC (Greer 1997) . The operative environmental temperature for adders in the open was 143ЊC from about 1000 hours until 1700 hours on sunny days during both seasons (K. Christian and J. K. Webb, unpublished data) . Mean temperature profiles of death adders for each season are shown in Figure 2 and were used in conjunction with laboratory measurements of metabolism to estimate the energy expended by animals at rest in the field (Table 1; Fig. 4 ).
Field Metabolic Rates and Water Flux
Field metabolic rates were not significantly different between the two years (ANCOVA: , ), but FMR was F p 2.9 P p 0.10 1, 27 significantly higher in the wet season than in the dry season ( , ; ) for the dry season. There was no difference in water 2 r p 0.44 flux between the sexes during the wet ( , ) F p 1.0 P p 0.33 1, 13 or dry ( , ) seasons. Neither the pool of F p 0.08 P p 0.79 1, 11 body water (as a function of mass) nor the WEI was significantly different between seasons ( , and F p 1.7 P p 0.20 1, 27 , , respectively; Table 2 ). F p 0.4 P p 0.50 1, 27 Resting Metabolism Whole-animal resting metabolic rate did not differ between day or night (repeated-measures ANOVA, ), or between the P 1 0.05 sexes, or between seasons at any of the experimental temperatures (ANCOVA, ). The data were combined in a mul-P 1 0.05 tiple regression to yield the following allometric relationship between resting metabolic rate, body mass, and T b : kJ/h p ( , ) . 
Specific Dynamic Action
After feeding, the metabolic rate of death adders increased to a peak 48 h after feeding; then metabolic rate gradually declined Figure 4 . Energy budgets of death adders in the wet (top) and dry (middle) seasons in which the field metabolic rate (FMR) is subdivided into components due to total resting metabolism (TRM, which incorporates body temperature and body mass effects on resting metabolism), the metabolic consequences of digestion (specific dynamic action), and activity other than digestion (by subtraction). Calculations are based on a snake mass of 184 g, similar to the mean mass of snakes for which FMR was measured (Table 1) . Three feeding conditions are modeled: not feeding, feeding once in 2 wk, and feeding once a week. Note that feeding weekly or more frequently during the dry season would result in more energy expended than was measured (as FMR) during that season, even if there was no other activity. The bottom graph represents the difference in energy expended between the wet season and the dry season and is termed the "energy saved" (relative to wet season conditions).
until it returned to the prefeeding level about 6 d after feeding (Fig. 3) . The mean peak postprandial metabolism was 5.3 times resting (prefeeding) metabolism. Over the 6-d period, the energy expended as SDA was 70.5 kJ ( ), and the mean SD p 24.4 metabolic expenditure of the digesting snakes was 3.15 (n p , ) times the 6-d metabolic expenditure of unfed 11 SD p 0.82 snakes (based on their day 0 values).
Partitioning Energy Expenditure
On average, the FMR in the dry season was 13.6 kJ/d less than in the wet season. The laboratory measurements of metabolism were combined with the field measurements to estimate the parameters involved in this dry season energy saving. About 4% of the seasonal difference in FMR was attributable to lower T b 's during the night in the dry season, and about 2% was attributable to lower T b 's during the day. The remaining 94% of the decrease in energy expended in the dry season was due to decreased activity, broadly defined to include all factors other than the effects of temperature and resting metabolism.
If the snakes fed once in 2 wk in the wet season, the energetic costs of digestion, or SDA, would account for approximately 16% of the total wet season energy budget (Fig. 4) . This estimate increases to 31% if the wet season feeding rate is assumed to be weekly. The estimated costs of SDA for a snake feeding once in 2 wk accounts for 36% of the FMR during the dry season, and the SDA costs associated with feeding once a week or more would exceed the measured dry season FMR (after the addition of TRM). Table 1 lists the calculated indexes associated with FMR and resting metabolism, all of which are substantially higher in the wet season (TRM, AR, %AR, and SusMS).
Discussion
Northern death adders responded to seasonal fluctuations in prey abundance by significantly lowering their energy expenditure during the dry season. If we express the seasonal FMR reduction during periods of relative inactivity as (active Ϫ , then death adders decrease their FMR inactive)/(active # 100) by 71% during the dry season. This is among the largest decreases known for tropical reptiles (Christian et al. 2003) . The predicted FMR (Nagy et al. 1999 ) of 20.3 kJ/d (Table 1) was very similar to the measured value of 19.1 kJ/d during the wet season, but during the dry season, the predicted value (20.1 kJ/d) was almost four times greater than the measured value (5.5 kJ/d). The seasonal pattern of low FMR during the dry season is correlated with measures of food availability, as is the case for other reptile species that have been measured in wetdry tropics (Christian and Green 1994; Christian et al. 1996a Christian et al. , 1996c Christian et al. , 1996d Christian et al. , 1998 Christian et al. , 1999a Christian et al. , 1999b . Even though tropical reptiles experience substantially higher temperatures during their inactive season than overwintering animals in temperate regions (Christian et al. 1999b) , they can nevertheless achieve substantial energy savings by changing their behavior (thermoregulating at lower T b 's and reducing activity), metabolic depression, or a combination of behavior and metabolic depression.
The energy saved in the dry season (relative to the wet season) can be subdivided into components that are the result of metabolic depression, decreased T b at night, decreased T b in the day, and decreased activity (summarized for a number of species by Christian et al. [2003] ). As pointed out by Beaupre (1995) , nocturnal T b 's can be as important as diurnal T b 's for determining the resting energy expenditure of ectotherms. Despite the strong seasonal differences in the nocturnal T b 's of death adders (Fig. 2) , the passive effect of lower T b 's at night accounted for only 4% of the energy conserved by Acanthophis praelongus. Lower daytime T b 's can result from seasonal differences in active thermoregulation above ground (Christian et al. 1983 (Christian et al. , 1996a (Christian et al. , 1999a Christian and Bedford 1995) or from spending most of the time in a burrow or under shelter (Christian et al. 2003) . In both wet and dry seasons, we rarely observed snakes basking, so the lower diurnal temperatures maintained by snakes in the dry season (Fig. 2) was not caused by differences in active thermoregulation. Instead, snakes maintained lower diurnal T b 's in the dry season because they selected cool microhabitats for ambush foraging (typically under vegetation) or sheltered inside deep soil cracks during the hottest part of the day. However, this accounts for only 2% of the conserved energy during the dry season. Interestingly, the resting metabolic rates of death adders did not differ between seasons, indicating that this species does not use seasonal metabolic depression to conserve energy. Thus, death adders expended considerably less energy in the dry season by behavioral modifications (selection of lower daytime T b and reduced activity) and because they expended less energy digesting.
Even though death adders moved more frequently and over longer distances during the wet season than during the dry season, we found no relationship between FMR and the total distance moved per day. A similar finding was reported for the active foraging snake Coluber constrictor (Plummer and Congdon 1996) and for the ambush forager Crotalus lepidus (Beaupre 1996) . These authors suggested that movement and FMR were not correlated because straight-line distances can underestimate the total distances traveled by snakes (Brown and Lillywhite 1992; Secor 1994) . Alternatively, the costs of activity may be less important than the costs of digestion for some snake species (Secor and Nagy 1994) . For example, Plummer and Congdon (1996) noted that because C. constrictor feeds frequently, it would incur high costs associated with intestinal upregulation and digestion (Secor and Nagy 1994) . Similarly, McCue and Lillywhite (2002) estimated that locomotion contributed very little to the total energy budget of cottonmouth snakes (1.9% of baseline budget), whereas there was a large contribution of SDA (37.8% of baseline budget). Other estimates of the relative contribution of SDA to FMR in snakes range from 19% to 43% during the activity season (Secor and Nagy 1994; Peterson et al. 1998) . Our estimates of the relative contribution of SDA to FMR for adders span a similar range (16% for wet season adders feeding once in 2 wk to 36% for dry season adders feeding once in 2 wk). Thus, the SDA can be a substantial component of the energy budget (Fig. 4) and underscores the importance of considering this factor in energy budget calculations.
The 95% confidence intervals around the measured water flux rates were compared with the predicted flux rates for reptiles from arid zones and from tropical habitats. In the wet season, the measured water flux was similar to the predicted value for tropical species, but during the dry season the measured water flux was lower than predicted for reptiles from either tropical or arid zones. Thus, the reduced activity and low T b 's during the dry season effectively reduce water flux rates compared with reptiles in the same environment and in arid environments generally. Although climatic conditions are extremely humid in the wet season in the wet-dry tropics, the dry season conditions elicit extremely low water flux rates in some species, with at least three species having flux rates lower than would be predicted for arid-zone reptiles of their size: death adders (this study), the frill-necked lizard (Christian and Green 1994) , and the bluetongue lizard (Christian et al. 2003) . Niewiarowski and Waldschmidt (1992) noted that the extrapolation of laboratory measurements of standard metabolic rates to field conditions underestimates the metabolic expenditure of resting but recently fed lizards over a 24-h period by two to four times. The calculated indices of AR and %AR are generally high compared with those of other species, suggesting that a large proportion of the daily energy budget of this species is expended on activity, including digestion.
For logistical and safety reasons, we were unable to capture snakes in flooded areas (and thus directly observe feeding episodes), but several lines of evidence support our conclusion that death adders feed frequently during the wet season. Frequent feeding by A. praelongus is consistent with the previously reported pattern of faster growth and earlier maturation in this species (males and females mature at 12 and 18 mo, respectively; Webb et al. 2002) relative to the southern death adder Acanthophis antarcticus (maturity at 24 and 36 mo, respectively; Shine 1980) . Also, during the wet season, radio-tagged death adders inhabit floating grass mats that contain high densities of frogs and small mammals, so prey encounter rates are likely to be high (Webb et al. 2002) . The proportion of captured or recaptured A. praelongus that had recently eaten during the wet season (0.20) was similar to that of sympatric active foraging snakes from the same floodplain. During the dry season, the low FMR indicates that the snakes fed less frequently. Indeed, our calculations indicate that the snakes fed no more frequently than every 2 wk (Table 1) ; otherwise the costs of digestion would have resulted in higher measurements of FMR. Although we were unable to observe feeding rates in free-ranging snakes directly, only five of 37 captured and recaptured adders had recently fed ( ), indicating that although the proportion p 0.13 adders do feed in the dry season, they do so less frequently than in the wet season.
Previous studies on A. praelongus showed that adult females consume a higher proportion of small mammals than do males (Webb et al. 2005) . Potentially, this strong intersexual difference in diet might be expected to result in intrapopulation differences in FMR (Peterson et al. 1998 ) due to differences in meal size and possibly feeding frequency. However, we found no differences in the FMR or water flux of male and female death adders. Potentially, this result could reflect seasonally imposed constraints on the ability of snakes to capture prey. For example, even though dusky rats (Rattus colletti) are abundant during the dry season, they inhabit deep soil fissures (Madsen and Shine 1999) and may rarely encounter ambush foraging snakes (Brown et al. 2002) . Therefore, encounter rates between ambush foraging snakes and rats may be highest in the wet season, when soil cracks close and rats are surface active (Brown et al. 2002) . Thus, even though large dusky rats are potentially available to females (but not males) during the dry season, female adders may be unable to exploit this food resource unless rodent densities are very high. Similarly, adult water pythons (Liasis fuscus) are also unable to exploit rats as food during the dry season because they cannot squeeze down soil cracks (Brown et al. 2002) . Clearly, to assess whether prey availability differs between seasons, it is critical to define "availability" from the animal's perspective.
We can estimate the amount of food an adder would need to consume annually by extrapolating from the energy values in Table 1 , assuming that the wet and dry seasons last 6 mo each and using the energy content of Rattus and other small vertebrate prey determined by Green et al. (1991) . Using these assumptions, and digestive efficiencies from Bedford and Christian (2000) , an adder (184 g) would consume about seven rats (100 g each) or 37 frogs (20 g each) a year to support the energy expenditure we measured.
Our studies on the ambush foraging A. praelongus provide an opportunity to compare several ecological traits of ambush versus active foraging snakes. Previous studies on sympatric snakes from the Mojave Desert showed that the active forager Masticophis flagellum had higher food intake rates and field metabolic rates than the ambush forager Crotalus cerastes (Secor and Nagy 1994) , in agreement with the predictions of foraging theory (Schoener 1971; Huey and Pianka 1981) . However, given the paucity of studies on snakes, it is unclear whether tropical snakes also display "typical" ecological traits associated with foraging mode (see Huey and Pianka 1981; Secor and Nagy 1994) .
When we compare the ecological traits of A. praelongus with those of sympatric active foragers from the Adelaide River floodplain, several interesting points emerge. First, in contrast to the predictions of foraging mode (Huey and Pianka 1981) , the proportion of snakes that had fed recently was similar in A. praelongus ( ) to those of three species of mean p 0.20 sympatric active foragers ( , L. fuscus p 0.13 Tropidonophis , ) captured during mairii p 0.22 Stegonotus cucullatus p 0.21 the same years (Brown et al. 2002) . Therefore, both ambush and active foraging snakes had similar prey intake rates during the wet season, when prey was abundant. During the dry season, our FMR data indicated that A. praelongus fed less frequently than in the wet season. By contrast, some active foragers (S. cucullatus and adult male L. fuscus) showed no seasonal differences in feeding rates, whereas adult females of other species (T. mairii and L. fuscus) displayed strong seasonal differences in feeding rates (Brown et al. 2002) . Remarkably, movement patterns of ambush foraging A. praelongus were very similar to those reported previously for the active foraging S. cucullatus; these species were active 46% and 43% of days during the wet season and 33% and 26% of days during the dry season, respectively (this study; Brown et al. 2005) . Collectively, this diversity in the responses of snakes (both within and between species) to seasonal fluctuations in prey abundance makes it difficult to make any general conclusions about the effects of foraging mode on the ecological and bioenergetic traits of tropical snakes at the present time.
Despite their phylogenetic and dietary differences, the responses of northern death adders to seasonal fluctuations in prey abundance are very similar to those of herbivorous bluetongue lizards Tiliqua scincoides that inhabit the same floodplain (Christian et al. 2003) . For example, the seasonal reduction in FMR is 70% in the bluetongue lizards and 71% in the death adders, and the seasonal reduction in water flux is 83% compared with 78% in the death adders. Unlike some lizards in the wet-dry tropics, death adders and bluetongue lizards rely on behavioral mechanisms rather than physiological mechanisms such as metabolic depression to achieve energy savings during the dry season, when food and water resources are scarce. Whether or not any snakes employ seasonal metabolic depression to conserve energy remains to be determined.
